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While inﬂuenza viruses are typically considered respiratory pathogens, the ocular system represents a
secondary entry point for virus to establish a productive respiratory infection and the location for rare
instances of virus-induced conjunctivitis. We used the ferret model to conduct a side-by-side
comparison of virus infectivity, kinetics of viral replication, and induction of host responses following
inoculation by either the intranasal or ocular routes with two viruses, A/Netherlands/230/03 (H7N7)
and A/Panama/2007/99 (H3N2). We show that ocular inoculation resulted in delayed virus replication
and reduced levels of proinﬂammatory cytokine and chemokine transcript in respiratory tract but not
ocular tissues compared with intranasally inoculated animals. We identiﬁed numerous proinﬂamma-
tory mediators with known roles in ocular disease elicited in ferret eye tissue following inﬂuenza virus
infection. These ﬁndings provide a greater understanding of the modulation of host responses following
different inoculation routes and underscore the risk associated with ocular exposure to inﬂuenza
viruses.
Published by Elsevier Inc.The eye represents a potential site of inﬂuenza virus replica-
tion as well as a gateway for establishment of a respiratory
infection, even among viruses which do not display an ocular
tropism (Belser et al., 2013). While local host responses represent
the ﬁrst line of defense against inﬂuenza virus infection, in vitro
and in vivo studies have been largely restricted to inoculation by
the respiratory route and analysis of cytokines solely within cell
types of the respiratory tract, limiting our understanding of
disease progression following non-respiratory infection routes
(de Jong et al., 2006; Maines et al., 2012; Skoner et al., 1999;
Svitek et al., 2008). The appearance of concurrent mild inﬂuenza-
like illness and conjunctivitis in humans infected by H7 viruses in
particular necessitates a greater understanding of the host
responses occurring in ocular tissue and the modulation of these
responses following ocular exposure (Belser et al., 2009;
Koopmans et al., 2004).
We recently observed that despite efﬁcient virus replication in
upper respiratory tract tissues, ferrets inoculated by the ocular
route displayed reduced clinical signs of infection and less
efﬁcient transmission of virus by respiratory droplets compared
with ferrets inoculated by the intranasal route (Belser et al.,
2012). However, it was unknown if ocular inoculation results inInc.
G-16, 1600 Clifton Rd. NE,delayed kinetics of virus replication in ferret respiratory and
ocular tissues compared with intranasal inoculation and the effect
this might have on the induction of host responses. We inoculated
ferrets (Triple F Farms, 8–9 months old and serologically negative
to currently circulating inﬂuenza viruses) either intranasally (i.n.,
1 ml total volume) or ocularly (o.c., 100 ml of virus placed on the
surface of the right eye and massaged across the surface of the eye
within the conjunctival sac as described previously (Belser et al.,
2012)) with 106 EID50 of either the highly pathogenic avian
inﬂuenza H7N7 virus A/Netherlands/230/03 (NL/230), or the
H3N2 human inﬂuenza virus A/Panama/2007/99 (Panama).
Tissues from the respiratory tract and ocular system were
collected on days 0.5, 2, and 6 post-inoculation (p.i.) to measure
both viral mRNA and infectious virus throughout the acute phase
of infection as previously described (Maines et al., 2012). Peak
inﬂuenza M1 gene mRNA levels were delayed in the nasal
turbinates for NL/230 and Panama viruses following ocular
inoculation compared with i.n. delivered virus, despite compar-
able viral titers detected in nasal washes, which are representa-
tive of infectious virus present throughout the upper respiratory
tract of an infected animal (Fig. 1A, Table 1). While viral
transcripts detected in the nasal turbinates were signiﬁcantly
higher at early (12 h) timepoints in i.n. inoculated ferrets com-
pared with ocular inoculation, o.c. inoculated ferrets achieved
signiﬁcantly higher viral transcript levels at later timepoints (day
6 p.i. NL/230, day 2 p.i. Panama, po0.005). In contrast, infectious
virus and viral mRNA levels were rarely detected in trachea or
Fig. 1. Detection of inﬂuenza virus in respiratory tract and ocular tissues of ferrets inoculated by the intranasal or ocular routes. Ferrets were inoculated with 106 EID50 of
NL/230 or Panama virus delivered i.n. or i.o. Viral mRNA levels were measured in (A) respiratory tract samples (nasal turbinates, trachea, lungs) and (B) ocular samples
(right eye, right conjunctiva, and conjunctival wash) of ferrets (n¼2 per time point) by real-time RT-PCR and are presented as mean fold change7standard deviation
compared with values in mock-infected animals. Viral mRNA levels were measured in triplicate as previously described with the exception of ocular samples, for which
total RNA was extracted from clariﬁed homogenates using a QIAamp Viral RNA kit (Qiagen) (Maines et al., 2012). Eye and conjunctiva represent the right tissue. * po0.05,
** po0.005 between intranasal and ocular samples taken from ferrets inoculated with homologous virus; y po0.05, yy po0.005 between NL/230 and Panama infected
ferrets inoculated by the same route determined by Student’s t test.
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should be noted that replication-independent drainage of virus
inoculum in i.n. and i.o. inoculated ferrets, an inherent limitation
of all in vivo models using a liquid suspension inoculum, could
contribute to the kinetics of virus dissemination observed here
(Belser et al., 2012). Future studies utilizing aerosol-based inocu-
lum delivery systems may allow for a more precise examination
of this property (Gustin et al., 2011).
With few exceptions, infectious inﬂuenza virus was detected
bilaterally by day 2 p.i. in all ocular tissues tested of one or more
ferrets regardless of virus subtype or inoculation route (Table 1).
In contrast to respiratory tract tissues, levels of viral mRNA
measured in the eye, conjunctiva, and conjunctival washes
were signiﬁcantly greater in Panama virus-inoculated ferrets
compared with NL/230 virus-inoculated ferrets (Fig. 1B); inocu-
lation route did not affect virus detection or recovery in thesetissues. The detection of infectious virus present in both the
eye and surrounding conjunctiva in ferrets regardless of virus
subtype or inoculation route likely reﬂects a combination of
tissue-speciﬁc virus replication and circulation of virus from the
proximally located nasal cavity via the nasolacrimal ducts
(Belser et al., 2012; Chentouﬁ et al., 2010). Lower viral titers in
the eye and conjunctiva compared with viral mRNA in these
tissues is likely due to unreleased or defective viral particles in
infected cells, highlighting the importance of utilizing assays
which detect both RNA and infectious virus to assess virus
replication (Brooke et al., in press). In summary, we found that
infection by the ocular route resulted in a virus infection which
was more restricted to nasal turbinates and not trachea com-
pared with intranasal delivery. Ferrets inoculated o.c. exhibited
delayed peak virus replication in respiratory tract but not ocular
tissues.
Table 1
Detection of inﬂuenza virus in respiratory tract and ocular tissues of ferrets inoculated by intranasal or ocular routes.
Tissue Day p.i. NL/230 i.n.a NL/230 o.c. Panama i.n. Panama o.c.
Nasal wash 0.5 3.070.4 (2/2)b 3.570.4 (2/2) 3.170.5 (2/2) 4.070.4 (2/2)
2 6.170.5 (2/2) 4.071.1 (2/2) 5.3 (2/2) 6.670.2 (2/2)
6 5.370.7 (2/2) 5.671.7 (2/2) 4.3 (2/2) 5.171.9 (2/2)
Trachea 0.5 3.4 (1/4) o1.5 3.970.7 (4/4) o1.5
2 6.270.5 (4/4) 3.270.1 (2/4) 4.770.4 (4/4) 2.6 (1/4)
6 5.470.7 (4/4) 3.370.9 (2/4) 3.770.6 (3/4) o1.5
Lung 0.5 o1.5 o1.5 3.9 (1/2) o1.5
2 4.2 (1/2) 2.8 (1/2) 4.3 (1/2) o1.5
6 5.770.1 (2/2) o1.5 o1.5 o1.5
Conjunctival Wash 0.5 o0.8 o0.8 o0.8 o0.8
2 o0.8 1.3 (1/2) 1.670.2 (2/2) 2.8 (1/2)
6 o0.8 1.0 (1/2) 1.3 (1/2) 2.8 (1/2)
Eye 0.5 o0.8 1.0 (1/4) o0.8 o0.8
2 2.5 (1/4) 1.370.4 (3/4) 1.470.4 (4/4) 2.171.1 (4/4)
6 o0.8 2.670.2 (2/4) 1.3 (1/4) 1.771.1 (2/4)
Conjunctiva 0.5 o0.8 o0.8 o0.8 1.0 (1/4)
2 3.870.7 (2/4) 1.370.4 (3/4) 1.770.7 (4/4) 3.171.0 (4/4)
6 1.870.7 (2/4) 2.271.2 (3/4) 2.8 (1/4) 1.970.8 (3/4)
a Route of inoculation: i.n. (106 EID50/ml); o.c. (10
6 EID50/100 ml). n¼6 ferrets for each virus and inoculation route (n¼2 per time point), with 2–4 samples tested for
each tissue.
b Viral titers expressed per gram of tissue (trachea and lung) or ml (all other samples)7standard deviation. The mean viral titer of all ferrets with positive virus
isolation (denoted in parentheses) is shown. Eye and conjunctiva represent both right and left tissues. Trachea is inclusive of independent sections removed proximal to
the larynx and bronchi. Limit of virus detection is 1.5 (respiratory tissues) or 0.8 (ocular tissues) log10 EID50/ml following serial titration in eggs (Maines et al., 2005).
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respiratory tissues in o.c. inoculated ferrets prompted us to
examine if coincident delays in induction of host responses were
also present in these ferrets. Intranasal inoculation with NL/230
or Panama virus resulted in earlier detection of IL-6, CXCL8, and
CXCL10 transcript in the nasal turbinates compared with ocular
inoculation, which resulted in delayed peak detection of cytokine
transcripts in this tissue, from day 2 to 6 for NL/230 virus and 0.5
to 2 for Panama virus (Fig. 2A). The absence of signiﬁcant
upregulation of cytokine transcripts in trachea or lung tissue
following ocular inoculation was in agreement with the decreased
viral load observed in these tissues (Table 1, Fig. 1A, and data not
shown). Notably, reduced and delayed detection of IL-6 in the
nasal turbinates of o.c. inoculated ferrets supports previous
studies in the ferret model which have identiﬁed a role for this
cytokine in transmission and disease severity (Belser et al., 2012;
Kang et al., 2011; Maines et al., 2012; Svitek et al., 2008). Delays
in peak induction of proinﬂammatory cytokines in the upper
respiratory tract of o.c. inoculated ferrets supports an association
between the reduced clinical signs (including sneezing and
rhinorrhea) observed following ocular inoculation and could offer
an explanation for the poor virus transmissibility by respiratory
droplets observed following inoculation by the ocular route or i.n.
with a reduced (100 ml) initial virus inoculum (Belser et al., 2012).
While we and others have examined in vitro and ex vivo
induction of cytokines and chemokines following inﬂuenza virus
infection of numerous ocular cell types (Belser et al., 2011b; Chan
et al., 2010; Michaelis et al., 2009), the induction of these
transcripts following in vivo ocular infection have not been
previously examined. Furthermore, it was unknown if intranasal
infection was capable of eliciting host innate immune responses
in ocular tissue. Extracted RNA from clariﬁed eye and conjunctival
tissue homogenates was measured for the expression of a panel of
proinﬂammatory cytokine and chemokines, with numerous cyto-
kine transcripts upregulated in the ferret eye following inﬂuenza
virus infection regardless of the inoculation route (Fig. 2B). Of
note, ocular inoculation resulted in signiﬁcantly elevated levels ofIL-1a, a proinﬂammatory cytokine rapidly synthesized and
released following corneal trauma in the mouse and following
viral infection of human corneal epithelial cells, compared with
intranasal inoculation with either NL/230 or Panama viruses
(Chang et al., 2002; Lausch et al., 1996). Ocular inoculation with
Panama virus further induced signiﬁcantly higher levels of several
chemokines (notably CXCL9-11) compared with intranasal inocu-
lation with this virus (po0.05, Fig. 2B); previous studies have
demonstrated a link between IL-1a induction and subsequent
synthesis of CXC chemokines in corneal cells (Yan et al., 1998).
IFNb and TNFa transcripts were also upregulated in inﬂuenza
virus-infected eyes; IL-10 transcript was detected in the eye of
naı¨ve ferrets but substantial changes in transcript levels were not
observed following virus infection (data not shown). In contrast to
studies demonstrating induction of IL-6 in human and mouse
ocular tissue following stimulation, we found IL-6 transcript to be
constitutively expressed in the ferret eye but 42-fold induction
was not detected following virus inoculation by either route (data
not shown) (Belser et al., 2011b; Gamache et al., 1997; Kumar
et al., 2006; Lausch et al., 1996). IFNg, IL-1b, IL-4, and IL-12p40
transcript were not consistently detected in the eyes of ferrets
(data not shown).
The surrounding conjunctiva represents an additional ocular
source of proinﬂammatory mediators (Gamache et al., 1997).
Numerous cytokine transcripts were detected in this tissue,
including IFNa, IFNb, TNFa, IL-1a, IL-6, CXCL8, CXCL10, how-
ever signiﬁcant increases in these transcript levels following
virus infection were not observed (data not shown). As sup-
ported by previous in vitro studies in human ocular cell types,
these results suggest that the eye, and not surrounding con-
junctiva, represents the primary source of inducible proinﬂam-
matory cytokines and chemokines in the ocular system
following inﬂuenza virus infection (Belser et al., 2011b). While
the increased levels of transcript observed were relatively
modest (most within 5-fold of mock), they are comparable to
the changes in magnitude of cytokines in these tissues follow-
ing trauma, stimulation, or viral infection shown in previous
Fig. 2. Detection of proinﬂammatory cytokine and chemokine mRNA in ferret respiratory and ocular tissue following inﬂuenza virus infection. Ferrets were inoculated
with 106 EID50 of NL/230 or Panama virus delivered i.n. or o.c. Cytokine and chemokine mRNA expression in nasal turbinates (A) or the right eye (B) of ferrets (n¼2 per
time point) was measured in triplicate as previously described by real-time RT-PCR and presented as the mean fold changeþstandard deviation compared with mock-
infected animals (Maines et al., 2012). *, po0.05, ** po0.005 between intranasal and ocular samples taken from ferrets inoculated with homologous virus determined by
Student’s t test.
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1996).
While several cytokines have been implicated in the pathogenesis
of inﬂammatory eye disease, comparatively little is known about
the pathobiology of conjunctivitis and other ocular complications
caused by inﬂuenza virus infection (Wakeﬁeld and Lloyd, 1992).
Furthermore, the induction of innate responses following inﬂuenza
virus infection in immune privileged tissues such as the eye, which
limit self-damaging immune-mediated inﬂammation reactions, are
not well studied (Belser et al., 2011b; Holan, 2006; Niederkorn, 2006;
Stevenson et al., 1997). We identiﬁed elevated levels of numerous
cytokines and chemokines in the eyes of ferrets inoculated i.n. or o.c.
(Fig. 2B). Interestingly, we observed a greater induction of chemo-
kines in the ferret eye following o.c. inoculation with an H3N2 and
not H7N7 virus, despite the association of H7 and not H3 viruses with
ocular disease. This could be attributed to higher levels of viral mRNA
detected in H3N2 ocular tissue or the comparatively reduced ability
of HPAI H7N7 viruses to elicit host innate immune responses
compared with other virus subtypes (Belser et al., 2011a,2011b;
Friesenhagen et al., 2012). Despite the immune privileged state of the
anterior segment of the eye, local protective immunological reactions
are known to occur following wounding or stimulation (Forrester and
Xu, 2012; Holan, 2006); future work is needed to ascertain the
potential functional roles of these inﬂammatory mediators in inﬂu-
enza virus-induced ocular infection.Here, we show that inoculation of ferrets with human or avian
inﬂuenza virus by the ocular route results in an infection that is
generally restricted to upper respiratory tract tissues, with delays
in virus replication compared with intranasal inoculation. We
identiﬁed a delayed and weakened induction of proinﬂammatory
cytokines and chemokines in the nasal turbinates following
ocular inoculation, and conﬁrmed that the cytokine response in
respiratory tract tissues is driven by viral replication. Further-
more, we demonstrate for the ﬁrst time the elicitation of numer-
ous cytokines and chemokines associated with ocular disease in
inﬂuenza virus infected ferret eyes. Delayed kinetics of virus
replication, dissemination of virus, and induction of innate
immune responses following ocular compared with traditional
intranasal inoculation shown in this study are in agreement with
previous work which demonstrates that modulation of inocula-
tion route and volume is sufﬁcient to cause altered disease
presentation and virus transmissibility in the ferret model
(Belser et al., 2012; Bodewes et al., 2011; Gustin et al., 2011).
Presence of both virus and proinﬂammatory cytokines in ocular
tissue following intranasal inoculation in ferrets and elevated
detection of viral and proinﬂammatory cytokine and chemokine
transcript in the eye of ferrets inoculated with either H3N2 or
H7N7 subtype viruses speaks to the capacity of multiple virus
subtypes to use the eye to infect, even those not typically
associated with an ocular tropism (Belser et al., 2013).
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